Abstract
Introduction

24
The gastrointestinal (GI) tract is a vast organ system with many distinct areas, each 25 harboring a diverse array of microbial species. Many of these microbes reside within the host 26 for long periods of time, indicating strong adaptation. We have accumulated a reasonable 27 understanding of the types of microbes that inhabit the GI tract, but are still learning about 28 3 their spatial relationships. This information was obtained largely from fecal samples, which lose 29 the original microbial spatial organization [1] [2] [3] [4] [5] . The microbial composition varies along the GI 30 tract [6, 7] and there are distinct microbial populations that are luminal-and mucosal-associated 31 [8] . A key attribute of the GI tract is the extensive invagination of the epithelial layer to form 32 glandular or crypt structures. Laser capture microdissection has identified specific crypt-33 associated microbes [9] , suggesting there may be multiple niches. However, the factors that 34 influence whether bacteria reside in the different microenvironments are not understood. 35
Because evidence suggests that the glandular structures of the GI tract may provide unique and 36 long term colonization sites, this review focuses on our current understanding of host and 37 bacterial factors that determine localization within these glandular structures. 38
Anatomy and Physiology of the GI Tract
39
The GI tract is made up of the mouth, esophagus, stomach, small intestine, cecum, 40 appendix, and colon. The epithelial cell layer invaginates into glandular structures that are 41 referred to as glands in the stomach, and crypts in the small intestine, cecum, and colon [10-42 12] . Each gland or crypt contains stem cells responsible for differentiation of the various 43 epithelial cell types that line the structures (Fig. 1) [10] [11] [12] [13] [14] . 44
Within the stomach, there are two types of glands: zymogenic glands of the corpus, and 45 mucous glands in the antrum (Fig. 1) [15] . These glands contain common and unique cell types. 46
Both contain mucous cells that secrete protective mucus, and endocrine cells that secrete 47 7 oxygen may select for bacterial subpopulations that are able to tolerate and/or require oxygen, 112 in contrast to the many bacteria in the gut that are strict anaerobes. 113
Other bacteria that utilize oxygen have also been associated with glandular structures. 114
The microaerophilic bacteria H. pylori and Campylobacter jejuni reside in the gastric glands and 115 small intestine crypts, respectively [24, 34] . Overall, these results suggest that oxygen is a factor 116 that may contribute to colonization of the glands and crypts throughout the GI tract. 117
118
Immune System Control
119
The immune system is another host factor that plays a role in modulating bacterial crypt 120 colonization. The crypt Paneth cells highly express a key immune recognition receptor, Nod2, 121 which is a cytoplasmic receptor that recognizes conserved bacterial peptidoglycan cell wall 122 moieties [11, 35] Additional studies have focused on the TlpD chemoreceptor, which senses acid and 218 additionally ROS as repellents [39, 40] . ∆tlpD mutants are defective in spreading across multiple 219 glands in the antrum and corpus [40] . As described above, this defect could be rescued by loss 220 of epithelia that produce H2O2 via the DUOX enzyme, or the lack of immune cell superoxide via 221 the phagocyte oxidase (Phox) [40] . Thus, this work suggests that ROS are a major factor that 222 prevent gland access. Interestingly, DcheY or DtlpD mutants both colonized fewer glands 223 compared to WT H. pylori, but within those glands, they reached approximately WT levels per 224 gland. This phenotype suggests that their defect was mostly in access to the glands, but not in 225 multiplication within glands [21, 40] . TlpD and TlpA both sense other signals [29, 39, 51] , so 226 further work is needed to dissect the precise signals that modulate gland colonization. 227
Collectively, however, these reports imply that metabolite gradients exist that guide bacteria to 228 colonize the glands. 229
Conversely, V. cholerae uses chemotaxis to avoid the small intestinal crypts. Che how chemotaxis is used may be due to a number of factors, including anatomical differences in 237 the stomach versus the small intestine, as well as the fact that H. pylori is a chronically infecting 238 pathogen, in contrast to V. cholerae, which causes acute infection. 239
13
Conclusions
240
Several studies have begun to highlight the variety of factors both on the bacterial side as 241 well as the host side that influence gland and crypt colonization. Although these factors 242 individually have been implicated, a mixture of these factors almost certainly combines to 243 dictate whether a microbe can colonize the glands or crypts. Host defenses that protect the 244 glands/crypts include antimicrobials such as acid, antimicrobial peptides and ROS, along with 245 mucus and oxygen. These properties act together to maximize the distance between the 246 microbiota and the epithelium of the glands and crypts [10] [11] [12] 14] . This distance may be key to 247 protecting the stem cells within the glands/crypts, as these are essential to regenerate the 248 entire epithelial cell population. Unsurprisingly, microbes have evolved to deal with these host 249 mechanisms to stably colonize and persist within the glands and crypts using a combination of 250 chemotactic motility, metabolic abilities, and immunosuppressive skills. Studies have shown 251 bacteria are within the glands during chronic infection [21, 23] . Future work will no doubt 252 identify more factors that contribute to gland and crypt colonization. Ultimately, this 253 knowledge will help scientists to engineer bacteria to be able to occupy this niche to develop 254 beneficial microbial therapeutics that are able to establish long term colonization. This study found that DtlpD mutants that cannot sense reactive oxygen species had defects 298 spreading into new gastric glands. This defect was rescued when DtlpD mutants were used to 299 infect mice that were deficient in the production of reactive oxygen species. 300 
